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Abstract. To improve optical measurements, which are degraded by optical distortions, wavefront correction
systems can be used. Generally, these systems evaluate a guide star in transmission. The guide star emits well-
known wavefronts, which sample the distortion by propagating through it. The system is able to directly measure
the distortion and correct it. There are setups, where it is not possible to generate a guide star behind the dis-
tortion. Here, we consider a liquid jet with a radially open surface. A Mach–Zehnder interferometer is presented
where both beams are stabilized through a fluctuating liquid jet surface with the Fresnel guide star (FGS) tech-
nique. The wavefront correction system estimates the beam path behind the surface by evaluating the incident
beam angle and reflected beam angle of the Fresnel reflex with an observer to control the incident angle for the
desired beam path. With this approach, only one optical access through the phase boundary is needed for the
measurement, which can be traversed over a range of 250 μmwith a significantly increased rate of valid signals.
The experiment demonstrates the potential of the FGS technique for measurements through fluctuating phase
boundaries, such as film flows or jets. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.57.8.084104]
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1 Introduction
Optical distortions are a common challenge for laser instru-
mentation as they can increase the measurement uncertainty
or inhibit the measurement.
To compensate optical distortions, wavefront correction
systems can be used.1–10 They were first integrated in earth-
bound telescopes to correct for the seeing effect, where fluc-
tuating refractive index changes in the atmosphere distort the
starlight.10 These telescopes use a laser to generate fluores-
cence emission at high altitudes, acting as a guide star.
This point source emits known spherical wavefronts that
are distorted equally to the starlight. The distortion can be
measured in transmission with a wavefront sensor inside
the telescope to steer an adaptive mirror to correct the wave-
front aberrations.
The guide star concept was soon adapted for optical
metrology. For example, guide stars can also be generated
by moving particles,11 fluorescent particles,12,13 second har-
monic generation,14 or ultrasound15–17 to measure the optical
distortions of biological tissue.
The wavefront correction strategy in transmission
(i.e., with two optical accesses) was successfully adapted
in our former work to stabilize two laser beams of a laser
Doppler velocimeter (LDV) through a fluctuating water–
air phase boundary.18 However, the acquisition of the distor-
tion in transmission is not always possible. For instance,
a high-pressure cleaner generates a jet of water, which has
a radially open phase boundary that inhibits an undisturbed
optical access from any direction. It is very difficult to
generate a guide star inside the jet without significantly dis-
turbing the flow. To overcome this, we developed the Fresnel
guide star (FGS) technique.19,20 The strategy is to illuminate
the surface with a laser source where the wavefront shape is
known and to measure the wavefront of the reflected beam,
i.e., the Fresnel reflex. With both information, an observer is
able to determine the shape of the surface similar to
deflectometry21,22 and to calculate the deflection of the
light propagating through the surface. This opens up the pos-
sibility to correct for wavefront distortions stemming from a
single interface with a single optical access. However, the
FGS requires reference and/or calibration measurements.
Up to now, the approaches for calibration and the presented
results19 have a proof of principle character. In this paper, we
present tailoring of the FGS technique for realistic flow
measurement inside of a liquid jet.
2 Setup
2.1 Velocity Measurement Technique
A LDV is based on a Mach–Zehnder interferometer. A laser
beam is split up and both partial beams are crossed at the
measurement volume. At this intersection, both beams inter-
fere and create nearly parallel fringes perpendicular to the
crossing angle. The distance d between the light sheets is
a function of the crossing half angle θ, the laser wavelength
λ, the longitudinal coordinate z, and the position of the beam
waist zw with respect to the position of the beam intersection
and can be calculated by Eq. (1).23 The Rayleigh length zR is
defined by zR ¼ πw20∕λ, where w0 is the radius of the beam
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waist. Equation (1) can be approximated to Eq. (2) if w0 or zw
are large
EQ-TARGET;temp:intralink-;e001;63;730d ¼ λ
2 sinðθÞ

1þ z cos
2 θðz cos2 θ − zwÞ
z2R cos
2 θ − zwðz cos2 θ − zwÞ

; (1)
EQ-TARGET;temp:intralink-;e002;63;684d ≈
λ
2 sinðθÞ : (2)
If a particle crosses the fringe system, it periodically scat-
ters light, which is sampled by a photodetector. The velocity
v perpendicular to the fringe system can then be calculated
by the product of the fringe spacing d and the Doppler
frequency f, respectively
EQ-TARGET;temp:intralink-;e003;63;590v ¼ d · f: (3)
For a reliable Doppler peak detection, a high interferomet-
ric contrast of the fringe system is desired and for a low stan-
dard deviation, the calibrated fringe spacing d should be kept
constant.
2.1.1 Influence of distortions on the measurement
Former investigations18 showed that a laser Doppler flow
measurement is mainly influenced by tip and tilt deflections
of surface waves. This can be explained by the small diam-
eter of the laser spot compared with the wavelength λw of the
surface waves. For the liquid jet setup, see Sec. 2.2, the laser
spot size at the interface is about 56 μm and the surface
wavelength is about 17.7 mm.
The surface wavelength is calculated by Eq. (4), where c
is the mean flow velocity and fw is the maximum frequency
of the surface fluctuation, see Sec. 2.3
EQ-TARGET;temp:intralink-;e004;326;752λw ¼
c
fw
¼ 1.436 m
81 Hz s
≈ 17.7 mm: (4)
As this assumption holds for most applications, in the fol-
lowing just tip/tilt deflections will be considered as the error
source. The deflections at the phase boundary have two
effects on the LDV. If the crossing angle θ between both par-
tial beams changes, the fringe spacing varies and thus leads
to an increased uncertainty for the velocity. If the beams are
deflected perpendicularly to the plane spanned by the two
partial beams, the interference contrast is decreased or in
the worst case both beams miss each other, no fringe pattern
is generated and so the measurement fails.
The influence of the fluctuating surface on the burst sig-
nals can be neglected, hence they have a frequency of about
1 MHz and the surface is quasistatic with a maximum fluc-
tuation frequency of 81 Hz for them.
2.2 Optical Setup
The setup for the velocity measurement inside of a liquid jet
using the FGS technique is shown in Fig. 1. The light source
is a 532-nm Nd:YAG laser. A beam splitter is used to create
the two required beams with a diameter of about 1.5 mm.
Each partial beam is collimated and the beam waist is
positioned in the measurement volume by L1a∕b with a
focal length F of 60 mm and a diameter D of 30 mm, respec-
tively. After that, each beam is imaged by a Keplerian tele-
scope (L2a∕b F ¼ 100 mm, D ¼ 35 mm and L3a∕b
F ¼ 150 mm, D ¼ 35 mm) from a biaxial voice coil-driven
mirror (OIM101, optics in motion, 3- deg optical deflec-
tion, 3-dB bandwidth for small angles 550 Hz, 60 Hz for
full range) onto the jet surface to adjust the incident beam
angle. The scattered light from the measurement volume
is captured by L6 (F ¼ 75 mm and D ¼ 50.8 mm) and
focused on a fiber-coupled photodetector to measure the
Doppler frequency (the fiber has a core diameter of
Fig. 1 Optical setup of the adaptive LDV. For details on the deflection of the surface, see Fig. 4. BS,
beam splitter; VCDM, voice coil driven mirror; PSD, position-sensitive device; L, lenses. The jet diameter
was about 10 mm and the flow speed was about 1.44 m∕s.
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400 μm and a numerical aperture of 0.39). The spacing of
the fringe system was adjusted to ∼2.1 μm in the jet and
the full width at half maximum of the beam diameter was
set to 30 μm resulting in a measurement volume of
∼30 μm × 320 μm. As the Fresnel reflexes are very close
to each other on the jet surface, the reflected beam angles
cannot be directly measured with two-dimensional (2-D)
PSDs because at high distortions they would illuminate
the same detector. This is solved by imaging the surface
with L5 (F ¼ 75 mm, D ¼ 50.8 mm) onto a knife-edge
right-angle prism mirror (MARK25-P01, Thorlabs) from
where the lenses L4a∕b (F ¼ 80 mm, D ¼ 30 mm) focus
the reflexes on the position sensitive devices (PDP90A,
Thorlabs, 3-dB bandwidth 15 kHz, sensor size
9 mm × 9 mm). To maximize the number of calculation
cycles per second, each beam has its own control loop.
As a liquid, a mixture of 83% glycerin and 17% water is
used to reduce the fluctuation frequency of the jet surface.
The diameter of the jet is about 10 mm and the flow veloc-
ity is about 1.436 m∕s. A seeding consisting of silver-coated
hollow glass spheres with a diameter of 10 μm was added to
the fluid. The optical laser power in the measurement volume
was 12 mW.
The LDV of this setup offers no direction sensitivity, but
since the jet has a main flow direction this is not required.
However, if the application would require direction sensitiv-
ity an acoustic optical modulator could be integrated in one
of the partial beams behind the beam splitter to create a
heterodyne interferometer.24
2.3 Characterization of the Distortion and Influence
on the Velocity Measurement
The fluctuation of the jet surface was characterized by evalu-
ating one of the reflected beams with the corresponding PSD
sensor (see Fig. 1). For the wavefront correction system, two
values are of main interest. First, the maximum surface fluc-
tuation frequency, which determines how fast the control
loop needs to be. Second, the maximum occurring amplitude
to ensure that the actuator has enough range. In the flow
direction, the maximum fluctuation frequency was deter-
mined to be about 81 Hz by fitting two lines to the amplitude
spectrum with a linear least square fit on the right- and left
side of the cutoff frequency (see Fig. 2). The green line rep-
resents the noise level of the PSD, and the red line represents
the spectrum of the distortion. The density function for dif-
ferent tilt angles (in flow direction) was measured with
10,000 samples over 5 sec and is shown in Fig. 3. The maxi-
mum angle was found to be about 0.25 deg. Perpendicular to
the flow direction the figures are qualitatively similar. The
maximum frequency was about 67 Hz, and the maximum
angle was about 0.05 deg.
2.4 Fresnel Guide Star Technique
The FGS technique uses the reflection at a distortion, e.g., a
phase boundary, to gain all required information to correct
the influence of the distortion. Most importantly, this is
achieved with a single optical access. Therefore, the trans-
mitted beam angle α2i inside the jet is not measured directly;
an observer is used to estimate it. It calculates the transmitted
beam path from the measured Fresnel reflex of the FGS
using the law of reflection and Snell’s law. At the jet surface,
the three-dimensional (3-D) relationship can be simplified
into a 2-D relationship for the local x- and y-directions,
where i ¼ fx; yg, as shown in Fig. 4. If the incident angle
α1i and the reflected angle β1i are measured and surface
height changes are neglected, it is possible to determine
the local tilt angle γi of the surface normal using the equation
EQ-TARGET;temp:intralink-;e005;326;213γi ¼
β1i − α1i
2
: (5)
If the tilt angle γi of the surface is known, the deflection of
the transmitted light ray T can be calculated using the Snell’s
law. With the estimated transmitted angle, the incident angle
can be adjusted as needed to achieve the desired beam path
behind the surface.
However, although it is the strength of the FGS technique
that just a single optical access is required to measure all
required information for correction, the usage of the reflec-
tion at the phase boundary is accompanied by a drawback:
the light from the measurement volume propagates through
Fig. 2 Measured amplitude spectrum of the deflection of the jet sur-
face in the flow direction (interface between liquid and air). Two lines
were fitted to the data with a linear least square fit to determine the cut-
off frequency of 81 Hz. The green line represents the noise level of the
PSD and the red line represents the spectrum of the distortion.
Fig. 3 The measured histogram shows the density function of differ-
ent tilt angles (in flow direction) of the jet surface. The standard
deviation is 0.0619 deg.
Optical Engineering 084104-3 August 2018 • Vol. 57(8)
Radner, Büttner, and Czarske: Interferometric velocity measurements through a fluctuating interface. . .
Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 23 May 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
the phase boundary (refractive index transition from n2 to
n1), whereas the FGS just propagates in one medium
(with refractive index n1, compare Fig. 4). Both refractive
indices have to be known to apply Snell’s law for the
calculation.
Furthermore, knowledge of the exact position of all
involved laser beams relative to the surface is required.
As this is not possible due to uncertainties of the position
and orientation of all components, an approach based on
eigencalibration was developed.19 During this process, two
properties are calibrated. First, the axes of the light modula-
tor manipulating the incident angles α1i have to be aligned
with the reflected angle β1i axes on the detectors (PSDs).
This is important to simplify the 3-D problem, which
would lead to a complex multiple-input multiple-output con-
trol loop, into two equal standard control loops with a single-
input and single-output.
To achieve this, a decoupling matrix M can be used. It
performs a coordinate transform, where Δα represents the
incident angle deviation and Δβ is the deviation of the
reflected beam angle. The multiplication M · Δα now
gives information how the incident x- and y-axes are oriented
to the reflected x- and y-axes
EQ-TARGET;temp:intralink-;e006;63;305M · Δα ¼ Δβ; (6)
EQ-TARGET;temp:intralink-;e007;63;275

Mαxβx Mαyβx
Mαxβy Mαyβy

·

Δαx
Δαy

¼

Δβx
Δβy

: (7)
To determine the decoupling matrix, a static surface is
needed. The light modulator deflects the light by Δαx in
the x-axis and Δαy is kept zero. The displacement Δβx
and Δβy on the detector is measured, and the first column
of M can be filled. The same strategy is used to fill the sec-
ond column. The multiplication M−1 · Δβ performs a coor-
dinate transformation of the measured deflection on the
detector and decouples the control loops of both axes.
Second, a calibration for the relation between α1i, α2i, and
β1i is needed because the precise refractive index is unknown
and due to uncertainties of the position and orientation of the
components in the setup, the precise angles with respect to
the surface normal are difficult to determine.
A simultaneous direct measurement of the incident,
reflected, and transmitted beam angles generating a lookup
table circumvents the need to use Snell’s law to calculate the
beam path. In our former work,19 two laser beams were sta-
bilized through a fluctuating surface of a basin filled with
water. Here both calibration steps were easily be realized,
as the surface was not fluctuating and the transmitted
beams were observable while the calibration was in progress.
For a measurement inside of a liquid jet, this calibration
steps are a challenge as it is not possible to calibrate directly
at a fluctuating surface and to measure the transmitted beam
deviation. To overcome this, a special calibration target (see
Fig. 5) was designed to calibrate the observer and the decou-
pling matrix. It is a hollow cuboid, where the front is
replaced by a thin transparent foil and the back by acrylic
glass. The foil generates similar Fresnel reflex as the jet
surface and it can be deflected by an electromagnetic piston.
The target is filled with the same fluid as used for the jet. For
the calibration process, the jet is replaced with the target.
The decoupling matrix can now be calibrated at a nonmoving
surface. With this target, it is also possible to calibrate the
observer by simultaneously measuring the incident,
reflected, and transmitted beam angles. Therefore, the
electromagnetic piston periodically excites the surface, a
lookup table of the refractive relationship is generated and
a plane can be fitted to the data. The active control loop
then tries to stay at the same isocline of the plane by steering
the incident angle to keep the transmitted beam stable.
A limitation of the FGS technique is that only smooth
fluctuating interfaces can be corrected (no breaking liquid
jets with ligaments or with droplets) and surface height
changes have to be tolerable because they can lead to an
error of the beam estimation with the lookup table. It should
also be noted that the fitted plane used by the observer rep-
resents a linear approximation ½sinðxÞ ≈ x of Snell’s law and
is only valid for small deflection angles. If this approxima-
tion is insufficient, a higher order polynomial fit or a fit with
trigonometric functions could be used. For the presented
setup, the angles are very small and a linear fit was found
to be well sufficient.
2.5 Control Loop
The schematic control loop is shown in Fig. 6. It is realized
on a digital signal processor (DSP, dsPIC33EP512GP502,
Microchip). The DSP samples the 2-D PSD to measure
the 2-D deflection angle of the Fresnel reflex. To align
the 2-D PSD axis with the axes of the adaptive mirror,
the raw data are fed into the decoupling matrix. The
decoupled data are used by the observer to estimate the
Fig. 5 The calibration target replaces the jet in Fig. 1 for calibration
purposes with additional PSDs to observe the deflection of the trans-
mitted beams. An electromagnetic piston can excite the foil.
Fig. 4 Two-dimensional scheme of the laser beam deflection I (inci-
dence), T (transmission), and R (reflection) at the interface of two
media with refractive indexes n1 < n2. The FGS is generated at the
phase boundary by the Fresnel reflex.
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transmitted beam angle from the incident and reflected beam
angles. The estimated angle is compared with a set value and
the deviation is passed to an integral controller, which steers
the adaptive mirror as a light modulator.
The DSP reaches about 10,000 calculation cycles per sec-
ond. The maximum frequency up to which the control loop is
able to suppress distortions was determined by measuring the
transfer function HðfÞ of the open control loop without the
integral controller. A phase of −90 deg is reached at 160 Hz
(see Fig. 7). With an integral controller and a theoretical
phase margin of zero, distortions up to 160 Hz could be sup-
pressed. The performance is mainly limited by the steering
mirrors, whose 3-dB frequency for full amplitude is about
60 Hz. For small amplitudes, the 3-dB frequency can
reach 550 Hz because of nonlinearities of the voice coil
actuation. However, 160 Hz is well sufficient to suppress
the occurring distortions of up to 81 Hz, see Fig. 2.
3 Measurement Inside of the Liquid Jet
The system was tested with a traversed flow measurement
inside the liquid jet (see Fig. 8). The measurement volume
was placed at the center and was traversed in the x-direction
by 250 μm in steps of 50 μm. The traversing range is mainly
limited by the numerical aperture of the detection optics,
because it cannot capture the reflected beams anymore.
The standard deviation was about 0.02 m∕s or 1.5%. To
characterize the wavefront correction performance, the
mean validation rate was used. A burst signal is valid if
the interference contrast exceeds 22%. The value is chosen
heuristically. It should be as low as possible to evaluate as
many burst signals as possible, but it must be high enough
to ensure proper Doppler peak detection in the Fourier spec-
trum of the burst signal. The mean SNR of the burst signals
was about 12 dB. The active control loop reached about 15%
more valid burst signals as without stabilization. Thereby, the
measurement volume could be traversed by 250 μm in the x-
direction (as shown in Fig. 1) without a drop of the validation
Fig. 6 Setup of the control loop for only one beam path. It samples the reflected angle in the x - and y -
directions with a PSD. A decoupling matrix performs a coordinate transform, so that the incident angle in
the x -direction matches the detected x -direction. The same applies for the y -direction. Themeasurement
data are fed into an observer, which estimates the transmitted beam path. This result is compared with
the set value and the deviation is fed into an integral controller, which steers the adaptive mirror.
Fig. 7 Measured Bode diagram of the transfer function Hðf Þ of the
open loop without integral controller. A phase shift of −90 deg is
reached at 160 Hz, which allows an integral controller to suppress
distortions and aberrations up to this frequency.
Fig. 8 Measured velocity profile inside the liquid jet, traversed in the
x -direction (compare with Fig. 1). The error bars represent the stan-
dard deviation of the mean velocity value.
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rate (see Fig. 9). A validation rate of 100% was not reached.
Possible reasons are observer uncertainties, caused by
neglected height changes of the surface. Furthermore, the
transfer function of the steering mirrors is nonlinear and
highly depends on the amplitude, which degrades the perfor-
mance of the control loop. The increased validation rate
enables a 20% higher burst rate per second at the same
seeding density as shown in Fig. 10.
4 Conclusion
To measure velocity profiles inside a liquid jet through the
fluctuating interface, we presented an adaptive optical meas-
urement system, which stabilizes both laser beams of an
LDV inside the jet. It estimates the beam path behind the
surface by evaluating the incident beam angle and reflected
beam angle of the Fresnel reflex with an observer. With this
approach, only one optical access through the phase boun-
dary is needed for the measurement. To demonstrate the per-
formance of the wavefront correction technique, the flow
profile inside of a liquid jet was measured with a constant
increased rate of valid signals.
The FGS technique has been proven to correct optical dis-
tortions caused from fluctuating interfaces and can improve
any optical measurement technique where optical distortions
degrade the measurement. It can improve many well-estab-
lished metrology systems e.g., particle imaging velocimetry
to expand the area of applications. This could be the meas-
urement of film flows on an opaque substrate in cooling
applications,25 where the fluctuating surface degrades the
measurement.
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